Background Advances in technique, technology, and perioperative care have allowed for the more frequent performance of complex and extended hepatic resections. The purpose of this study was to determine if this increasing complexity has been accompanied by a rise in liver-related complications. Methods A large prospective single-institution database of patients who underwent hepatic resection was used to identify the incidence of liver-related complications. Liver resections were divided into an early era and a late era with equal number of patients (surgery performed before or after 18 May 2006). Patient characteristics and perioperative factors were compared between the two groups. Results Between 1997 and 2011, 2,628 hepatic resections were performed, with a 90-day morbidity and mortality rate of 37 and 2 %, respectively. We identified higher rates of repeat hepatectomy (12.2 vs 6.1 %; p<0.001), two-stage resection (4.0 vs 1 %; p<0.001), extended right hepatectomy (17.6 vs 14.6 %; p00.04), and preoperative portal vein embolization (9.1 vs 5.9 %; p<0.001) in the late era. The incidence of perihepatic abscess (3.7 vs 2.1 %; p00.02) and hemorrhage (0.9 vs 0.3 %; p00.045) decreased in the late era and the incidence of hepatic insufficiency (3.1 vs 2.6 %; p00.41) remained stable. In contrast, the rate of bile leak increased (5.9 vs 3.7 %; p00.011). Independent predictors of bile leak included bile duct resection, extended hepatectomy, repeat hepatectomy, en bloc diaphragmatic resection, and intraoperative transfusion. Conclusions The complexity of liver surgery has increased over time, with a concomitant increase in bile leak rate. Given the strong association between bile leak and other poor outcomes, the development of novel technical strategies to reduce bile leaks is indicated.
Introduction
The safety of liver resection has improved markedly over the past decades. Now, liver resections can be performed with operative mortality rate of <5 % at high-volume centers. [1] [2] [3] These improvements have paralleled the better understanding of liver anatomy and physiology, more careful patient selection, and advances in surgical technique and perioperative care. Our group has reported on hemostatic approaches for liver resection to reduce intraoperative blood loss and the need for perioperative blood transfusions. 1 We have also extensively reported on strategies to reduce the risk of hepatic insufficiency after major hepatectomies (e.g., use of portal vein embolization (PVE) and accurate definition of future liver remnant volume). [4] [5] [6] [7] Despite an overall decrease in complications following liver resection, the incidence of bile leak still remains considerable, ranging among 2.6 and 33 % in the largest series. 2, [8] [9] [10] [11] Bile leak remains a major cause of postoperative morbidity, often leading to a prolonged hospital stay, delayed removal of abdominal drains, and need for additional diagnostic tests and interventions, with a related mortality ranging from 0 to 39 %. 2, [9] [10] [11] At our institution, the progressive expansion of indications for liver resection has led to an increasingly complex surgical practice, with greater use of extended hepatectomies, repeat hepatectomies, and two-stage resections. [12] [13] [14] [15] This experience provides an opportunity to reevaluate the morbidity associated with hepatic resection in a contemporary series from a high-volume center. The major objective of this study was to evaluate how the scope and frequency of liver-related complications have changed with the evolution of our surgical practice.
Material and Methods

Patients and Preoperative Care
After approval from the Institutional Review Board of MD Anderson Cancer Center, prospectively collected clinicopathological data of 2,628 liver resections performed in our institution between January 1998 and October 2011 were reviewed. Patients who underwent only an ablative procedure (e.g., cryotherapy, radiofrequency, and ethanol ablation) or a wedge biopsy without resection were not included in the analysis. To analyze the changes in our practice and their impact on short-term outcomes over time, cases were divided into two groups with equal numbers of patients (1,314 liver resections each): an early era and a late era (resection performed before/on and after 18 May 2006).
The preoperative assessment of patients in this series included medical history and physical examination, liver function tests (aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, bilirubin, albumin, and coagulation tests), and computed tomography using a liver protocol (rapid injection of 3 to 5 ml/s of intravenous contrast and 2.5-to 5-mm cuts through the liver). In patients scheduled to undergo major liver resection, the future liver remnant volume was calculated as previously described. 4, 7 If the calculated standardized future liver remnant volume was inadequate (<20 % of the total liver volume in patients with normal liver, <30 % in patients with fibrosis or liver injury, or <40 % in patients with cirrhosis), preoperative PVE was performed. 1, 5, 13, 16 In patients with liver injury, degree of cirrhosis was classified using the Child-Pugh system; liver resection was generally offered only to Child A and B patients without ascites or encephalopathy. In jaundiced patients, endoscopic or percutaneous biliary drainage was performed preoperatively to achieve a total bilirubin level of <2 mg/dl. 12 
Operations
A standardized operative technique was used. An inverted T-shaped subcostal incision was used during the earlier years. More recently, a reversed L-shaped right upper quadrant incision was performed. 17 Intraoperative ultrasonography with a 5-to 7.5-MHz probe (Aloka Co. Ltd., Tokyo, Japan) was used to detect nodules that were not identified by preoperative imaging studies and to delineate the anatomic relationships between the intrahepatic vasculobiliary structures and tumors. The liver was mobilized by dividing the round, triangular, and falciform ligaments as appropriate. Operative procedures were selected on the basis of disease extent and location, and margins were evaluated intraoperatively. 1 The parenchymal transection technique was chosen by the surgeon on the basis of the tumor size, the anticipated extent of the resection, and the condition of the liver parenchyma. For major hepatectomies, hemi-Glisson pedicle occlusion was used, with or without intermittent total hepatic pedicle occlusion (Pringle maneuver) for periods of up to 15 min, alternating with 5 min of restored inflow. Postoperative drains were used selectively and at the surgeon's discretion.
Liver resections were classified according to the Brisbane 2000 Terminology. 18 Associated procedures were defined as any additional hepatic and extrahepatic procedures performed. Associated liver procedures were defined as any liver-specific procedures performed in addition to the main resection (e.g., wedge resection, portal lymph node dissection, en bloc diaphragmatic resection, and vascular or biliary reconstruction). Associated nonliver procedures were defined as any additional abdominal extrahepatic procedure (gastric, duodenal, pancreatic, bowel, uterine and adnexal, adrenal, mesenteric, kidney, and spleen resections). Hepatic artery pump placement, ablative procedures, cholecystectomy, peritoneal biopsy, colostomy/ileostomy reversal, liver wedge biopsy, and abdominal hernia repair were not considered additional procedures.
Postoperative Care
Following operation, patients were typically monitored overnight in the recovery room and then transferred to the ward. When utilized, abdominal drains were removed prior to discharge, assuming the output was nonbilious and nonpurulent. In case of suspected bile leak, the level of bilirubin in the abdominal drainage fluid was determined. Symptomatic postoperative fluid collections identified on imaging were drained percutaneously under ultrasound/CT guidance.
Postoperative Morbidity and Mortality
Postoperative complications included postoperative adverse events resulting from the liver resection or associated procedure. Complications were classified according to the Dindo Classification 19 : grade I and II complications were defined as minor complications and grade III, IV, and V complications were defined as major complications. Postoperative mortality was defined as any death that occurred within 90 days after operation. Perihepatic abscess, hemorrhage, liver insufficiency, and bile leak were defined as liver-related complications. Perihepatic abscess/collection was defined as a nonbilious collection requiring drainage. Hemorrhage was defined as bleeding requiring reoperation. Hepatic insufficiency was defined as a peak of serum bilirubin level >7 mg/dl at any time postoperatively, according to our previously published criteria. 20 Bile leak was defined as bilirubin concentration in the drain fluid at least three times the serum bilirubin concentration on or after postoperative day 3 when fluid was analyzed or as the need for radiologic or operative intervention resulting from biliary collections or bile peritonitis. 21 
Statistical Analysis
Statistical analysis was performed with SPSS statistical software (version 17.0; SPSS Inc., Chicago, IL, USA). Continuous data were expressed as the mean and standard deviation and compared with the Mann-Whitney U test. Categorical data were compared by the chi-square or Fisher exact test as appropriate. Variables with a significant impact on postoperative bile leak on univariate analysis were entered into multivariate analysis in a backward stepwise manner until all variables remaining in the model were significant. Multivariate analysis was performed by logistic regression. p<0.05 was considered statistically significant in all analyses.
Results
Patient Cohort and Outcomes
The mean age at the time of the liver resection was 57 years (±12.8). Patients were male in 52.3 % of cases. Repeat hepatectomy and planned second-stage hepatectomy were performed in 241 (9.2 %) and 66 (2.6 %) patients, respectively. PVE preceded liver resection in 227 (8.6 %) cases. Major liver resection was performed in 1,503 (57.2 %) patients, including 421 (16 %) extended right hepatectomies, 137 (5.2 %) extended left hepatectomies, 703 (26.7 %) right hepatectomies, 211 (8 %) left hepatectomies, and 31 (1.2%) meso-hepatectomies. Monosegmentectomies or bisegmentectomies and wedge resections were performed in 586 (22.3 %) and 570 (21.8 %) patients, respectively ( Table 1) .
The indication for liver resection was colorectal liver metastases (CRLM) in 1,509 cases (57.4 %), hepatocellular carcinoma in 182 cases (6.9 %), benign tumors in 67 cases (2.3 %), biliary tract tumors (Klatskin, intrahepatic cholangiocarcinoma, and gallbladder carcinoma) in 201 cases (7.6 %), neuroendocrine tumor metastases in 216 cases (8.2 %), and other malignancies in 453 cases (17.3 %). Rates of complications, major complications, and mortality following liver resection were 36.2, 14.2, and 2.3 %, respectively. The rate of liver-related complications was 9.8 % and included 126 cases of bile leak (4.8 %), 75 cases of hepatic insufficiency (2.6 %), 16 cases of hemorrhage (0.6 %), and 76 cases of perihepatic abscess/collection (2.9 %) ( Table 2 ).
Comparison of Two Eras
A comparison of clinical and pathologic features during the two eras is summarized in Tables 1 and 2 . The frequency of preoperative hypertension, ASA score >2, and body mass index >30 increased in the late era (p< 0.001). Compared to the early era, we performed more repeat hepatectomies (161 vs 80, p<0.001) and more two-stage hepatectomies (53 vs 13, p<0.001) and we employed more frequently preoperative PVE (150 vs 77, p<0.001) during the late era. Major hepatectomies decreased in the late era (707 vs 796, p<0.001), as a consequence of a decreased number of right hepatectomies (307 vs 396, p<0.001). However, in the late era, the number of extended right hepatectomy increased significantly (230 vs 191, p00.04), as well as the number of caudate resections (74 vs 48, p00.016) and of en bloc diaphragm resections (74 vs 49, p00.021) (Fig. 1) .
Associated liver and nonliver procedures increased in the late era (p00.016 and p00.008, respectively). Mean operative time increased from 205 to 216 min (p00.019). We also observed a reduction of intraoperative estimated blood loss (EBL), from a mean of 440 to 370 ml (p00.002) in the late era. The number of patients requiring transfusion decreased in the late era, from 209 to 149 (p<0.001). More patients in the late era were treated for CRLM (786 vs 723, p00.015). Overall complication rate increased from 30.2 to 43.2 % (p<0.001); however, major complications and mortality rates did not change significantly. The rate of liver-related complications did not change significantly in two eras (p00.313). Comparisons of rates of specific liver-related complication revealed a stable incidence of hepatic insufficiency (p00.408), decreasing incidences of perihepatic abscess/collection and hemorrhage (p00.02 and p0 0.045, respectively), and an increasing incidence of bile leak (from 3.7 to 5.9 %, p00.011) (Fig. 2) .
Further, when we excluded 131 patients who underwent a bilio-enteric anastomosis, a significant increase in bile leak rates persisted (3.3 % [40/1198] in the early era vs 5.2 % [62/1197] in the late era, p00.034). This difference remained significant when patients were stratified by type of resection (minor vs major). Patients who underwent major resection in the late era had a higher bile leak rate than those who underwent a major resection in the early era 
Risk Factors for Bile Leak
On univariate analysis, several variables were associated with bile leak, including preoperative jaundice, PVE, liver resection performed for biliary tumors, repeat hepatectomy, twostage resection, extended right or left hepatectomy, caudate resection, en bloc diaphragm resection, bile duct resection and reconstruction, liver-associated procedures, operative duration >180 min, EBL >1,000 ml, tumor diameter ≥30 mm, portal 
Data are expressed as absolute numbers (percentage) or means (±standard deviation)
ASA American Society of Anesthesiologists, BMI body mass index, PVE portal vein embolization lymph node dissection, and intraoperative transfusion. On multivariate analysis, repeat hepatectomy, bile duct resection, intraoperative transfusion, en bloc diaphragm resection, and extended right and left hepatectomies were associated with an increased risk of bile leak (Table 3) .
Discussion
In this study, we reported an increase in the complexity of hepatobiliary surgery at a tertiary referral center, characterized by the more frequent utilization of repeat hepatectomy, HCC hepatocellular carcinoma, NET neuroendocrine tumor Fig. 1 Comparison of surgical complexity between the early era and the late era Fig. 2 Comparison of liver-related complications between the early era and the late era extended right hepatectomy, en bloc diaphragmatic resection, and preoperative PVE. Despite this increase in complexity, liver-related complication rates remained stable, except for bile leak rates, which increased significantly, from 3.7 % in the early era to 5.9 % in the late era.
We focused our analysis of outcomes on liver-related complications, which remain to be the most common and serious complications following a liver resection and account for most perioperative deaths. In line with previous large series, 22, 23 we found that hepatic insufficiency, perihepatic abscess/collection, and hemorrhage rates decreased or remained stable over time. This may reflect ongoing efforts aimed at increasing the safety of liver resection. 1, [5] [6] [7] 12 In this context, increasing bile leak rate in the late era is an unexpected result. Few prior studies reported changes in the rate of bile leak over time. Poon et al. 23 showed a reduction in bile leak incidence; nevertheless, their analysis did not focus on risk factors for bile leak, and thus, it is difficult to explain this trend. Cescon et al. 22 showed increasing bile leak rates presented in the context of a slightly increasing overall morbidity and mortality, which the authors attributed to the expansion of surgical indications in the late period. Finally, Lam et al. 24 and Yamashita et al. 8 reported decreasing rates of bile leak in the late period, which they attributed to the introduction of intraoperative bile leak tests.
In order to better understand the reason for this increasing bile leak incidence in the late era, we identified independent predictors of bile leak: right and left extended hepatectomies, intraoperative transfusion, bile duct resection, reoperative resection, and en bloc diaphragmatic resection. The frequencies of three of these factors, bile duct resection, left extended hepatectomy, and intraoperative transfusion, did not change significantly over time. Bile duct resection and reconstruction represent an important risk factor for bile leak 25 ; in our series, 18.3 % of patients who underwent biliary reconstruction developed a bile leak. This rate is comparable to those reported by previous studies analyzing such patients. 13, 26, 27 Furthermore, bile leak is more common after extended hepatectomies, 10 originating from transected intrahepatic bile ducts, and most often from the closed stump of the right or left major hepatic ducts. 24 Recently, a bile leak rate of 28 % has been reported after extended right hepatectomy, preceded by a first-stage procedure involving right portal vein ligation and in situ liver parenchyma splitting to increase left liver hypertrophy. 28 The association between intraoperative transfusions and postoperative bile leak has not been completely elucidated as transfusion requirement may be a surrogate factor identifying more technically challenging operations.
In our study, three predictors of bile leak including extended right hepatectomy, repeat hepatectomy, and en bloc diaphragmatic resection were more common in the late era, partially explaining the observed increase in bile leak rate. We believe that the increasing frequency of these factors is related, in large part, to the expansion of indications for resection of CRLM. 14, 29 In our series, 1,509 (57.4 %) liver resections were performed for CRLM, representing 55 % and 60 % of indications in the early era and in late era, respectively (p00.015). The introduction of more effective chemotherapeutic agents, the increasing understanding of tumor biology, and the more liberal use of PVE have allowed for more aggressive surgical approach in patients with bilobar metastatic disease. A sequence of partial hepatectomy, followed by PVE and major liver resection, which was introduced in our later practice, 15 as well as the use of repeat resections for liver recurrence, 14, 30 may provide durable oncological results as shown in previous studies. The increasing rate of bile leak in the late era may be an unanticipated consequence of these otherwise safe strategies.
Our study has some limitations. First, we performed a retrospective analysis of a cohort of patients treated over a 14-year period. This could account for an underestimation of bile leak, related to our intraoperative placement of drains in complex procedures (extended hepatectomies, en bloc diaphragmatic resections, and bile duct reconstruction). Moreover, our bile leak definition does not follow strictly the International Study Group of Liver Surgery criteria 21 ; in our surgical practice, the bilirubin concentration on drain fluid was not measured routinely, but only when the fluid characteristics were suspect for bile leak. Taken together, these could be responsible for some underestimation of the bile leak rate in our patients.
Conclusion
This study demonstrates that, despite technical improvements, the progressive expansion of indications for liver surgery and more aggressive operative strategies are associated with a mild, but significant, increase in the rate of postoperative bile leak. This represents an important and incompletely addressed risk of hepatic resection. In our own experience, bile leak is associated with longer length of hospital stay (12 vs 8 days p<0.001) and increased mortality rate (10.3 vs 1.9 %, p<0.001). These findings are in line with previous studies reporting bile leak-related mortality rates ranging from 0 to 39 %. 2, [9] [10] [11] Given these associations, the development of novel technical strategies to reduce bile leak is indicated.
Discussant
Dr. Frank Makowiec (Freiburg, Germany): In his paper, Dr. Rosen presented new perioperative outcome results from one of the largest liver resection programs. The group from MD Anderson analyzed the evolution of hepatic resections and their postoperative complications during the last 15 years. In the second time period, the patients had a higher rate of medical comorbidity, more preoperative portal vein embolizations, more extended resections, more two stage resections, and more repeat resections. I have three questions and one suggestion:
Question #1: Your group published the influence of liver transection technique on the need for blood transfusion in 2009. Did you examine the influence of surgical technique on complication rates including bile leak rate? Question #2: The majority of your resections were performed for colorectal liver metastases. Did you evaluate the influence of preoperative chemotherapy on the complication rates?
Question #3: You showed a higher overall complication rate in the second study period. There were, for example, clearly more urinary tract infections and cardiac complications. Such an effect may, in part, be due to a better documentation of complications in databases. Is it possible that you have such a bias by different or changing data documentation during the study period?
Question #4: My suggestion for further data evaluation: The risk factors for bile leakage originating from the liver parenchyma transection surface or for bile leakage from biliary or bilioenteric anastomosis may be different. Thus, it could be helpful to perform separate subanalysis of risk factors for bile leak in the groups with or without biliary anastomosis.
Closing Discussant
Dr. Robert E. Rosen: Thank you very much for your questions and suggestion. As you note, the MD Anderson group previously reported on the influence of liver transection technique on intraoperative blood loss and transfusion requirements. In the present study, we did not look at the influence of transection technique on the rate of bile leak. However, intraoperative transfusion requirement was an independent predictor of bile leak. Transection techniques associated with less blood loss are, therefore, likely to be associated with lower rates of bile leak.
This study included patients with a wide range of tumor types treated with a range of chemotherapeutic regimens of variable duration. It would be difficult to draw any meaningful conclusions about the impact of chemotherapy because of the heterogeneity of the patient cohort. Previous studies from our institution, however, have documented the influence of chemotherapy on perioperative outcomes in patients with colorectal liver metastases undergoing hepatic resection.
With regards to your third question, there is a potential for bias given the retrospective nature of this analysis. Notwithstanding, the mechanism by which we captured complications was the same for the early and late periods. It also bears emphasis that the late group had a greater degree of comorbidity than the early group and some of the differences in minor complication rate may be attributable to this.
